Abstract. Propagating a short, relativistically intense laser pulse in a plasma channel makes it possible to generate comblike electron beams -sequences of synchronized, low phase-space volume bunches with controllable energy difference. The tail of the pulse, confined in the accelerator cavity (electron density "bubble"), transversely flaps, as the pulse head steadily self-guides. The resulting oscillations of the cavity size cause periodic injection of electrons from ambient plasma, creating an energy comb with the number of components, their energy, and energy separation dependent on the channel radius and pulse length. Accumulation of noise (continuously injected charge) can be prevented using a negatively chirped drive pulse with a bandwidth close to a one-half of the carrier wavelength. These comb-like beams can drive tunable, multi-color γ-ray sources.
INTRODUCTION
Relativistic optical phenomena [1] are essential for production and shaping of electron beams in laser-plasma accelerators (LPAs) [2] [3] [4] [5] [6] [7] [8] . In particular, they enable generation of sequences of synchronized, fs-length bunches with a low phase space volume and controllable energy separation [9] [10] [11] [12] . These comb-like beams may find a unique application as drivers of polychromatic γ-ray sources, yielding an unprecedented degree of control over the radiation spectrum [12] [13] [14] [15] [16] . This capability is rooted in the nature of the driver -a relativistically intense laser pulse. The radiation pressure of the pulse creates complete electron cavitation in an underdense plasma, ω p ω 0 , leaving the background ions unperturbed [17, 18] ; here, ω p =(4πe 2 n 0 /m e ) 1/2 is the Langmuir electron frequency, ω 0 is the pulse carrier frequency, n 0 is the background electron density, −|e| and m e are the electron charge and rest mass. The resulting "bubble" of electron density guides the pulse over many Rayleigh lengths while maintaining GV/cm-scale accelerating and focusing gradients [19] . The shape of the bubble evolves in lock-step with the optical driver, making it possible to trap ambient electrons, eliminating the need for an external photocathode [6] . Periodic injection, producing the energy comb, can be organized using a strongly overcritical pulse, P P cr = 16.2(ω 0 /ω p ) 2 GW, with a pulse length close to a Langmuir period, ω p τ L ∼ 2π. The head of such pulse self-guides with an almost constant spot size [12] . The tail, on the other hand, flaps transversely inside the bubble, bringing about oscillations of the bubble size (the accordion effect) and periodic self-injection [20] . Propagating the pulse in an external plasma channel enhances this effect and helps control it, with the number of quasi-monoenergetic (QME) components in the beam, their energy, and energy separation depending on the channel radius [11, 12] . Unwanted continuous self-injection (a.k.a. dark current) and accumulation of a massive low-energy tail can be prevented using a negatively chirped drive pulse (NCP) with a bandwidth close to a one-half of the carrier wavelength [7, 11, 12] . Changing the NCP length (as permitted by the large bandwidth) enables control over the number of components in the energy comb.
We show in this Report that the proposed all-optical manipulations of electron beam lead to controllable generation of GeV-scale energy combs of high quality, enabling a design of a miniature LPA driven by a high-repetition-rate, 10-TW-class laser, thus advancing development of all-optical γ-ray sources [16] . WAKE [17] . Accurate self-consistent simulations of electron phase space dynamics are carried out with the fully explicit, quasi-cylindrical PIC code CALDER-Circ [21] , which uses a numerical Cherenkov-free electromagnetic solver [22] and third-order splines for the macroparticles. These features, in combination with a fine grid (∆z=∆r/16= 0.125c/ω 0 = 16 nm, where r 2 = x 2 +y 2 ) and large number of particles per cell (20) maintain low sampling noise, negligible numerical dispersion, and also avoid numerical emittance dilution. The plasma spans from z = 0 to 3 mm, having 0.5 mm linear entrance and exit ramps, and a 2 mm flat section with the density n 0 = 6.5×10 18 cm −3 . The linearly polarized, 70 TW pulse with the carrier wavelength λ 0 = 0.805 µm propagates in the positive z direction. The normalized vector potential in the focal plane is Gaussian,
, with a 0 = 3.27 and r 0 = 13.6 µm. The rate of phase variation defines the instantaneous frequency, ω(t) = −dϕ/dt = ω 0 −(4 ln 2)(κ/τ L ) 2 t, where ω 0 = 2πc/λ 0 . The simulation with a 30 fs-length, transform-limited pulse (ω p τ L = 4.3, κ = 0), is referred to as the reference case [7] . To suppress diffraction of the pulse leading edge and to controllably obtain comb-like electron beams, we introduce a leaky channel [11, 12] ,
for r > 2r ch .
To avoid pulse self-steepening, we introduce a frequency bandwidth equivalent to a 5-fs transform-limited duration, and temporally advance higher frequencies. The results presented below correspond to a 30 fs NCP (κ = 2.4323) propagating in a uniform plasma and in a channel matched to the self-guided spot size (r ch = 37.55 µm); and a 20 fs NCP (ω p τ L = 2.88, κ = 1.968) propagating in a channel matched to the incident spot size (r ch = 54 µm).
RESULTS AND DISCUSSION
Negative chirp of the driver prevents self-compression of the pulse into an optical shock, thus reducing the level of dark current and delaying dephasing [7] . Figure 1 demonstrates the suppression of the energy tail and increased energy gain at dephasing in a uniform plasma. It also shows that the highest energy gain achievable with the transform-limited (Fig. 1) . Q is the charge; E is the mean energy; σ E is the dispersion of energy; ε N ⊥ is the root-mean-square (RMS) normalized transverse emittance [11] ; σ α is the RMS divergence [11] ; F = Q/σ E is the average flux. Statistics of the tail are calculated in the energy interval 50 MeV < E < E cut , where E cut = 450 MeV for the NCP case before dephasing; 600 MeV for the NCP case at dephasing; and 385 MeV for the reference case. pulse can be reached with the NCP in a 20% shorter plasma, with an average flux in the tail reduced by more than 80% (the beam statistics are summarized in Table 1 ). Inside the channel (matched to the self-guided spot size), the energy tail splits into a pair of QME components [cf. Fig. 2(f) ]. The channel destabilizes the bubble, leading to three oscillations of its size [cf. Fig. 2(a) ] and three consecutive injections, producing a tricolor electron beam with the spectrum displayed in Fig. 2(e). Figure 3 , exploring self-channeling in a uniform plasma and in the channel, sheds the light onto this accordion effect. The pulse can be split into two segments -the most intense one ("the head"), located in the region of the index gradient at the leading Table 2. edge, and less intense tail confined within the bubble. Snapshots of the normalized intensity reveal that the head is quite insensitive to the transverse non-uniformity of the ambient plasma. It self-guides with an almost constant spot [in agreement with Fig. 2(c) ]. The tail, on the other hand, is naturally unmatched to the bubble, which by itself is a self-consistently maintained soft hollow channel. Snapshots in Figs. 3(a.2) -(f.2), corresponding to the points of full expansion/contraction of the bubble, demonstrate that the tail flaps, driving the bubble boundaries sideward, changing the bubble size. In a uniform plasma, the flapping subsides at z ≈ 1.1 mm. The external channel, on the other hand, supports the flapping and bubble size oscillations through a distance nearly twice as long. Therefore, contrary to the earlier conjectures [9, 10] , the accordion effect is unrelated to "betatron oscillations" of the pulse head. There is also no evidence of longitudinal injection [11, 12] . This rules out both "parametric resonance" and periodic longitudinal wavebreaking [9, 10] as physical mechanisms behind the generation of electron energy combs.
Reducing the amount of radiation confined inside the bubble effectively eliminates the accordion effect. Reducing the NCP length by one-third (to τ L = 20 fs) clips the pulse tail, leading to a single oscillation of the bubble size, reducing the energy comb to a single component [cf. Fig. 2(h) ]. Even though the pulse spot is not as steady, evolution of the bubble remains nearly the same as in the uniform plasma [cf. Fig. 2(b) and 2(d) ]. Note that the channel strongly increases the QME signal, even though early dephasing (due to a shorter pulse duration) limits the energy gain.
The combination of the negative chirp and the channel almost freezes longitudinal evolution of the pulse. Figure  4 shows that the tricolor beam accelerates through dephasing accumulating only a minimal amount of noise. The energy of individual components can be thus safely varied in a broad interval by changing the channel length. Table 2 contains the statistics of electron beams at dephasing in the reference case and in channels [cf. Figs. 2(h) and 4(e)]. In the reference case, the electron beam is fully dominated by the energy tail, which contains 85% of charge accelerated beyond 50 MeV. The chirp and the channel bring the tail down, reducing its charge by more than 50% and the average flux by a factor of 2.5. (Importantly, the channel alone is unable to suppress the tail [11] .) They also increase the net charge of the QME components, boosting their energy and reducing their energy spread. The QME bunch accelerated through dephasing in the reference case absorbs 6.5%, and the tail about 15% of the incident pulse energy. Acceleration with a 20 fs NCP over the same distance in a channel changes this to 16% and 10%, respectively. Increasing the NCP duration to 30 fs changes the energy balance, with 10.5% going to the tricolor beam, and only 4.5% to the tail. This residual background is not a deal-breaker for inverse Compton scattering (ICS) sources. Preliminary simulations of the ICS [16] of a narrow-bandwidth laser beam (λ =0.8 µm, ∆λ /λ =0.02) from the tricolor beams of Fig. 4 show that TABLE 2. Electron beam statistics for Figs. 4(e) and 2(h) (20 fs NCP in a wide channel). In the former case, the tail statistics are calculated in the energy interval 50 MeV < E < 385 MeV, and in the latter case in the interval 50 MeV < E < 500 MeV. the comb-like structure imprints onto the scattered radiation spectrum, yielding a tunable tricolor γ-ray flashes with the peak flux in the range 10 8 ph MeV −1 sr −1 , and the energy of QME components (energy spread 20 -40%) ranging from 1 to 12 MeV. The low-energy background of the beam yields low flux of photons outside this range.
SUMMARY AND OUTLOOK
Looking forward to the arrival of PW-class lasers delivering sub-2-cycle pulses [23] , we use their ultrahigh bandwidth to all-optically control electron beam quality, demonstrating the production of GeV-scale, clean comb-like beams in a mm-size LPA. Propagating a negatively chirped pulse in a plasma channel destabilizes the pulse tail confined within the accelerating bucket (electron bubble). Resulting oscillations of the bubble size (the accordion effect) cause periodic self-injection of ambient plasma electrons and subsequent acceleration of multiple QME bunches without degradation of beam quality. The negative chirp prevents self-compression of the driver, thereby avoiding accumulation of a lowenergy background. The channel radius and the pulse length are important parameters, controlling the number of spectral components in the beam, whereas their energy and energy difference can be controlled by changing the plasma length. Due to the low phase space volume, clear separation of spectral components in energy, and a minimal amount of noise, our comb-like beams can drive polychromatic ICS γ-ray sources [16] . Alternatively, by separating the comb components in a magnetic spectrometer and using beam delay lines, or selectively focusing them with highly chromatic magnetic quadrupole lenses, one can use these beams as drivers of multi-color free-electron lasers [24] .
